Here we provide evidence that the Mei5 and Sae3 proteins of budding yeast act together with Dmc1, a meiosis-specific, RecA-like recombinase. The mei5 and sae3 mutations reduce sporulation, spore viability, and crossing over to the same extent as dmc1. In all three mutants, these defects are largely suppressed by overproduction of Rad51. In addition, mei5 and sae3, like dmc1, suppress the cell-cycle arrest phenotype of the hop2 mutant. The Mei5, Sae3, and Dmc1 proteins colocalize to foci on meiotic chromosomes, and their localization is mutually dependent. The localization of Rad51 to chromosomes is not affected in either mei5 or sae3. Taken together, these observations suggest that the Mei5 and Sae3 proteins are accessory factors specific to Dmc1. We speculate that Mei5 and Sae3 are necessary for efficient formation of Dmc1-containing nucleoprotein filaments in vivo.
M
EIOSIS is a special type of cell cycle that produces ucts belonging to the RAD52 epistasis group are involved in DSB repair through homologous recombination (Paques haploid gametes from diploid parental cells. Unique to meiosis is the reductional division in which and Haber 1999; Symington 2002; Sung et al. 2003) . Among them, Rad51, a homolog of the bacterial RecA homologous chromosomes segregate to opposite poles. During the prophase that precedes this division, homoprotein, plays a major role in homologous DNA pairing and strand exchange. Rad51 functions in recombination logs pair with each other and undergo high levels of genetic recombination. Recombination plays at least by assembling as highly ordered oligomers on singlestranded DNA (Ogawa et al. 1993; Symington 2002) . two important roles in segregating chromosomes. First, Formation of this structure, called a presynaptic filait ensures that each chromosome finds its homolog. ment, requires a group of accessory proteins, including Second, a fraction of meiotic recombination events leads Rad52 and the Rad55/57 heterodimer (Sung 1997a,b; to reciprocal exchange (crossing over), which establishes New et al. 1998) . physical connections between homologs. These connecRad51, Rad52, Rad55, and Rad57 also play essential tions, called chiasmata, ensure the proper alignment of roles in meiotic recombination (Borts et al. 1986 ; Shichromosomes on the spindle apparatus at meiosis I. nohara et al. 1992; Schwacha and Kleckner 1997) . The molecular mechanism of meiotic recombination
In the absence of these proteins, DSBs are not efficiently has been well characterized in budding yeast. Meiotic converted to joint molecules. In wild type, formation of recombination starts with double-strand breaks (DSBs) Rad51 presynaptic filaments is cytologically detectable catalyzed by the Spo11 protein (Keeney 2001) . Strands at multiple distinct sites on chromatin, in response to with 5Ј-termini at DSB ends are selectively degraded to DSB formation (Bishop 1994) . Consistent with bioleave single-strands with 3Ј-ends (Sun et al. 1991; Bishop chemical data, Rad52, Rad55, and Rad57 are necessary et al. 1992) , which are thought to be used for homology for foci formation by Rad51 during meiosis (Gasior et searching by strand-exchange proteins. The single-stranded al. 1998).
DNA tails invade homologous sequences in nonsister
Dmc1 is a meiosis-specific homolog of bacterial RecA chromatids to form single-end invasion intermediates, that functions specifically in meiotic recombination which may then be further processed to form double- (Bishop et al. 1992) . In the absence of Dmc1, unrepaired Holliday junctions (Schwacha and Kleckner 1994;  DSBs accumulate with hyperresected ends (Bishop et al. Hunter and Kleckner 2001). 1992) . In vitro, the Dmc1 protein promotes renaturation During vegetative growth in budding yeast, gene prodof complementary single-stranded DNA and assimilation of homologous single-stranded DNA into duplex DNA (Hong et al. 2001) . Cytological studies have shown 1 in meiotic recombination, a number of observations 1998; Rabitsch et al. 2001; Gerton and DeRisi 2002; Tsubouchi and Roeder 2002) . Epistasis analysis indisuggest that Rad51 plays a more critical role than Dmc1. First, localization of Rad51 to chromosomes is not afcates that the Hop2/Mnd1 complex functions downstream of Dmc1 and is required for accurate homology fected in the absence of Dmc1, whereas localization of Dmc1 is severely reduced in the absence of Rad51 searching in the Dmc1-dependent pathway (Tsubouchi and Roeder 2003) . Previous studies have shown that (Bishop 1994) . Second, in a certain strain background, the dmc1 mutant forms some viable spores ‫,)%02ف(‬ but the dmc1 null mutant defect in meiotic cell-cycle progression varies in different yeast strain backgrounds. In essentially all spores are inviable in the rad51 mutant (Rockmill et al. 1995b) . Third, overproduction of Rad51 an SK1 strain background, the dmc1 mutant arrests in meiotic prophase (Bishop et al. 1992) ; however, in a suppresses the dmc1 defects in crossing over and viable spore production (Tsubouchi and Roeder 2003) .
BR2495 strain background, the dmc1 mutant undergoes meiotic nuclear division after a delay (Rockmill et al. A recent study suggests that the early steps in meiotic recombination can proceed through two different path1995b) . This difference between strains could be due to different levels of Rad51 protein and/or differences ways. One pathway relies on Rad51, but not Dmc1 (referred to as the Rad51-only pathway); the other utilizes in the relative activity of the Rad51-only pathway of meiotic recombination (Tsubouchi and Roeder 2003) . both Dmc1 and Rad51 (referred to as the Dmc1-dependent pathway; Tsubouchi and Roeder 2003) . InterestIn the same way that Rad51 requires Rad52, Rad55, and Rad57 for efficient strand exchange, Dmc1 might ingly, the Dmc1-dependent pathway requires at least two proteins that are not involved in the Rad51-only require accessory factors. Since Dmc1 is produced only in meiotic cells, its accessory factors might also be meiopathway. These are Hop2 and Mnd1, two meiosis-specific proteins that interact with each other (Leu et al. sis specific. Two candidate genes that might encode (Rabitsch et al. 2001) . This pheno- 
‫%01ف‬ of the wild-type level (McKee and Kleckner
Cytology: Meiotic chromosomes were surface spread, and 1997). Recently, the SAE3 gene was proposed to have immunostaining was carried out as described previously (Sym an intron and to encode a protein homologous to the et al. 1993; Chua and Roeder 1998). Rabbit and mouse antifission yeast Swi5 protein (Akamatsu et al. 2003) . Here, Red1 antibodies were used at 1:500 dilution (Smith and we present genetic and cytological evidence indicating Roeder 1997). Rabbit anti-Rad51 and anti-Dmc1 antibodies were used at 1:500 dilution (Shinohara et al. 1992 ; Bishop that the Mei5 and Sae3 proteins act in the Dmc1-depen-1994). Rabbit anti-Zip1 antibodies were used at 1:100 dilution dent pathway of meiotic recombination. (Sym et al. 1993) . Mouse anti-myc antibody was used at 1:100 dilution (Covance).
RT-PCR: RT-PCR was done as described previously (Tsu-MATERIALS AND METHODS
bouchi and Roeder 2002). RNA was reverse transcribed using the following primer: TTAGTCCTTCATTGAATAACCGAT. Yeast strains and plasmids: Yeast strains used in this study
The resulting cDNA was amplified using the above primer and are summarized in Table 1 . Strains are isogenic with the hapthe following primer: ATGAACTATTTGGAAACACAGTTA. loid strain BR1919-8B (Rockmill and Roeder 1990) , unless
Measuring sporulation: From single colonies, patches were otherwise stated. Isogenic derivatives of S3246 were conmade on YPD plates (or on selection plates when necessary) structed by mating appropriate haploids; isogenic haploids and incubated at 30Њ overnight. The plates were replica plated were generated by transformation and/or by genetic crosses.
onto sporulation medium and incubated at 30Њ for 2 or 3 BR1919-8B strains carrying sae3::URA3 were obtained from J. Novak (Yale University, New Haven, CT).
days. For each strain, spore formation was measured in three
Figure 2.-Crossing over is reduced in dmc1, mei5, and sae3 mutants. (A) Diploids containing one circular and one linear copy of chromosome III were introduced into sporulation medium and samples were harvested at the time points indicated. Genomic DNA was subjected to pulsed-field gel electrophoresis followed by Southern blot analysis, hybridizing with a probe containing the THR4 gene on chromosome III ( with Rad51 were determined. Using these two sets of numbers, Another phenotype characteristic of mutants defeca chi-square value was calculated, and the corresponding probtive in the Dmc1-dependent recombination pathway is ability (P-value) was obtained. Using the same method, the fraction of Dmc1 foci containing Mei5 was compared to the that their defects in sporulation and viable spore profraction of Rad51 foci containing Mei5. The same methods duction can be suppressed by overproduction of Rad51 were used to assess overlap between Sae3 and Dmc1/Rad51. (Tsubouchi and Roeder 2003) . Overproduction of Rad51 improves spore formation and viability in the mei5 and RESULTS sae3 mutants to an extent similar to that seen in the dmc1 mutant (Figure 1, C and D) . This observation Genetic analysis places MEI5 and SAE3 in the same provides further evidence that Mei5 and Sae3 are inrecombination pathway as DMC1: To further charactervolved in the Dmc1-dependent recombination pathway. ize the mei5 and sae3 mutants, the MEI5 and SAE3 genes The mei5, sae3, and dmc1 mutations reduce crossing were deleted in the BR1919-8B strain background, in over to the same extent: To determine the effect of which the dmc1 mutant sporulates with reduced efficiency mei5 on the formation of mature recombinants and to (Tsubouchi and Roeder 2003) . Both the mei5 mutant compare mei5 with dmc1 and sae3 (Bishop et al. 1992 ; and the sae3 mutant exhibit levels of sporulation and
McKee and Kleckner 1997), crossing over was assayed spore viability similar to dmc1 (Figure 1, A and B) . The physically in diploid strains carrying one linear and one dmc1 mei5 sae3 triple mutant also shows the same levels circular copy of chromosome III. A single crossover of sporulation and spore viability as each single mutant between one linear and one circular chromatid results (Figure 1, A and B) , strongly suggesting that the affected in production of a linear dimer. A double crossover gene products work in the same pathway.
involving one linear chromatid and both chromatids of The hop2 mutant shows complete cell-cycle arrest in the circular chromosome generates a linear trimer. The the BR1919-8B background (Tsubouchi and Roeder linear monomers, dimers, and trimers can be separated 2002). The dmc1 hop2 double mutant sporulates to the by pulsed-field gel electrophoresis (circular chromosame extent as dmc1, indicating that dmc1 is epistatic to somes do not enter the gel). In wild type, after 60 hr hop2 ( Figure 1A ; Tsubouchi and Roeder 2003) . The mei5 hop2 and sae3 hop2 double mutants show sporulaof sporulation, ‫%08ف‬ of total DNA entering the gel is Figure 2, A and B) . In all three mutants, firm that SAE3 pre-mRNA is spliced, mRNA from meiotic cells was reverse transcribed, and the resultant cDNA was the band representing linear monomers is accompanied by a substantial amount of DNA migrating faster than amplified by PCR using primers flanking any potential introns. The DNA amplified from cDNA was found to the intact monomer (Figure 2, A and B) . These fragments of lower molecular weight represent molecules be smaller than the DNA amplified from genomic DNA, indicating that the mRNA is indeed spliced ( Figure 3A ). resulting from double-strand breakage (Rockmill et al. 1995a) , and their persistence indicates that the mutants The sequence of the cDNA revealed a new ORF for the SAE3 gene (Figure 3 , B and C), with a different 5Ј splice are defective in DSB repair. Furthermore, the mutants produce a smaller amount of linear dimers and trimers junction from the one predicted previously (Akamatsu et al. 2003) . The intron contains a well-conserved 5Ј compared to wild type, and these do not appear until much later than their wild-type counterparts (Figure 2 , splice site and a 3Ј splice site that is used relatively infrequently ( Figure 3B ; Rymond and Rosbash 1992). A and B). The timing and extent of crossing over are similar in the mei5, sae3, and dmc1 mutants.
recombinant (
However, no sequence matching the conserved branchpoint sequence (TACTAACA; Rymond and Rosbash Consistent with the spore formation and viability data shown in Figure 1 , the dmc1 sae3 and dmc1 mei5 double 1992) is present. Instead, two closely related sequences are found ( Figure 3B ). In the first (TATAACA), the mutants show essentially the same phenotype as each single mutant with respect to the extent and kinetics of third C in the consensus sequence is missing. In the second (TATTAACA), the third C in the consensus secrossover formation (Figure 2, A and B) . These data further support the conclusion that Dmc1, Mei5, and quence is replaced with T. In summary, the SAE3 gene contains an intron 86 nucleotides in length and encodes Sae3 act in the same pathway.
The SAE3 gene contains an intron: Recently, the SAE3 a protein of 91 amino acids ( Figure 3B ). The Mei5 and Sae3 proteins localize to chromosomes gene was proposed to have an intron and to encode a member of a family of proteins homologous to the fisas foci in a SPO11-dependent manner: To determine the in vivo localization of Mei5 and Sae3, the proteins sion yeast Swi5 protein (Akamatsu et al. 2003 ). To con- identify cells at prophase I, chromosomes were simultanewere tagged with the myc epitope and immunolocalized ously stained with antibodies to the Red1 protein, which in spread meiotic nuclei. Diploid strains in which both is a component of the cores of meiotic chromosomes. copies of the MEI5 (or SAE3) gene have been replaced Unlike Zip1, Red1 localizes to chromosomes indepenby MEI5-myc (or SAE3-myc) display wild-type levels of dently of meiotic recombination (Smith and Roeder spore viability (data not shown), indicating that the 1997). Like Rad51 and Dmc1 (Bishop 1994; Gasior tagged proteins are functional (data not shown). Cells et al. 1998) , little or no Mei5 or Sae3 is present on at different stages of meiotic prophase were identified chromosomes in the spo11 mutant ( Figures 4B and 5B ). on the basis of the staining pattern of the Zip1 protein,
The residual Mei5/Sae3 foci observed in spo11 are at which is a major component of the synaptonemal comleast five times less intense than those seen in wild type. plex and thus serves as a marker for chromosome synapThese faint foci may reflect nonspecific sticking of the sis (Sym et al. 1993) . The Mei5 and Sae3 proteins are Mei5 and Sae3 proteins to chromosomes. Alternatively, present as numerous foci on chromosomes at leptotene Mei5 and Sae3 might localize weakly to chromosomes (dotty Zip1 staining) and zygotene (dotty plus linear even in the absence of DSBs. Taken together, these Zip1 staining), but these foci largely disappear by pachyresults are consistent with direct roles for Mei5 and Sae3 tene (linear Zip1; Figures 4A and 5A ). This localization in meiotic recombination. pattern is similar to that seen for Rad51 and Dmc1
Localization of the Mei5, Sae3, and Dmc1 proteins (Bishop 1994) .
to chromosomes is mutually dependent: The kinetics of To test if Mei5 and Sae3 localization to chromosomes foci formation by Mei5, Sae3, Rad51, and Dmc1 are requires the initiation of meiotic recombination, these similar, raising the possibility that these proteins work together in the meiotic recombination pathway. Howproteins were immunolocalized in the spo11 mutant. To ever, previous studies showed that Rad51 and Dmc1 ual staining of low signal intensity is observed on chromosome spreads. This staining may reflect nonspecific foci do not completely overlap (Dresser et al. 1997 ; background staining or a low level of localization for Shinohara et al. 2000) . To examine if Mei5 and Sae3 each protein in the absence of its partners. associate with one or both of these RecA homologs, coPrevious studies showed that the absence of Dmc1 immunostaining of Dmc1 and either Mei5 or Sae3 and does not affect the localization of Rad51 (Bishop 1994). of Rad51 and either Mei5 or Sae3 was carried out.
The localization of Rad51 was tested in the dmc1, mei5, Both Mei5 and Sae3 show extensive colocalization and sae3 mutants. As expected, Rad51 still forms foci with both Dmc1 and Rad51 (Figures 6A and 7A ). Howin these mutants (Figure 9 ). ever, the extent of overlap is much greater for Dmc1 than for Rad51 (Table 2 ). This trend is most pronounced in the hop2 mutant background, in which all DISCUSSION four proteins accumulate on chromosomes (Figures 6B  and 7B ; Table 2 ).
The Mei5 and Sae3 proteins work in the Dmc1-depenThe formation of Mei5 and Sae3 foci is largely aboldent recombination pathway: Here, we provide genetic ished in the dmc1 mutant ( Figure 8A) . Similarly, formaand cytological evidence that the Mei5 and Sae3 protion of Dmc1 and Sae3 foci is nearly eliminated in the teins work at the same step as Dmc1 in the Dmc1-depenmei5 mutant ( Figure 8B ), and formation of Dmc1 and dent meiotic recombination pathway. First, mutations Mei5 foci is abolished in the sae3 mutant ( Figure 8C) . in all three genes reduce sporulation and spore viability Thus, localization of Mei5, Sae3, and Dmc1 to chromoto the same extent. Second, like dmc1, mei5 and sae3 mutations suppress cell-cycle arrest in the hop2 mutant. somes is mutually dependent. In each case, some resid- Third, Rad51 overproduction suppresses the mei5 and (Bishop et al. 1992) . Furthermore, recombination intermediates such as single-end invasions and double Hollisae3 defects in sporulation and spore viability, as is the case for dmc1. Fourth, physical analysis of recombination day junctions are completely absent in dmc1 SK1 strains (Schwacha and Kleckner 1995; Hunter and Kleckintermediates and products indicates that mei5, sae3, and dmc1 reduce meiotic DSB repair and crossing over ner 2001). Early studies of Dmc1 protein purified from yeast and to a similar extent, and recombination is reduced to the same degree in the dmc1 mei5 and dmc1 sae3 double human cells failed to detect the strong strand-exchange activity characteristic of Rad51 (Li et al. 1997 ; Masson mutants. Fifth, the Mei5 and Sae3 proteins are found together with Dmc1 as many foci on chromosomes duret al. 1999; Hong et al. 2001) . Furthermore, the human Dmc1 protein was originally reported to form stacked ing prophase I, with the number increasing from leptotene through zytotene and then disappearing through ring structures on DNA (Masson et al. 1999; Passy et al. 1999) instead of the helical nucleoprotein filaments pachytene. Furthermore, the localization of Mei5, Sae3, and Dmc1 to chromosomes is mutually dependent.
reported for RecA and Rad51 (Dunn et al. 1982; Flory and Radding 1982; Ogawa et al. 1993) . Recently, howThe Mei5 and Sae3 proteins may be accessory factors to Dmc1: It seems likely that Dmc1 is directly involved ever, human Dmc1 was found to have strong strandexchange activity in vitro, although this activity is highly in homology searching and strand exchange in meiotic recombination for the following reasons. First, Dmc1 is sensitive to salt concentration and pH (Sehorn et al. 2004) . Furthermore, under conditions conducive to strand a homolog of the bacterial RecA protein (Bishop et al. 1992) . Second, the dmc1 mutant is strongly defective in exchange in vitro, human Dmc1 forms helical nucleoprotein filaments similar in appearance to those formed meiotic recombination. In the SK1 strain background, there is robust accumulation of hyperresected DSBs by Rad51 (Sehorn et al. 2004) . For each pair of proteins, there are two rows of numbers, with the first row indicating the percentage of foci of protein X (Mei5 or Sae3) that overlaps with foci of protein Y (Dmc1 or Rad51); the second row indicates the percentage of foci of protein Y that overlaps with protein X. n indicates the total number of foci of protein X (first row for each protein) or Y (second row for each protein) that were scored; the number of nuclei examined ranged from 8 to 15. The P-value indicates the probability that the frequency of overlap between Rad51 and Mei5 (or Sae3) is the same as the frequency of overlap between Dmc1 and Mei5 (or Sae3). The method used to calculate P-values is described in materials and methods.
Like Rad51, Dmc1 may require special cofactors for nation machinery. First, the Mei5 and Sae3 proteins localize to chromosomes as foci, and the timing of apmaximal filament formation and strand-exchange activity in vivo. The Mei5 and Sae3 proteins are obvious pearance and disappearance of these foci is consistent with the appearance and disappearance of DSBs (Cao candidates for these cofactors, since Dmc1 cannot localize to chromosomes in their absence. The following et al. 1990; Padmore et al. 1991) . Second, localization of Mei5 and Sae3 to chromosomes is dependent on the observations strongly suggest that Mei5 and Sae3 act in conjunction with Dmc1 as components of the recombiinitiation of meiotic recombination. Third, Mei5 and filament, called the presynaptic filament. Next is the synaptic phase during which duplex DNA is incorporated into the filament and sampled for homology. Once homology is found, alignment between the duplex and the single strand becomes stabilized. The final step is strand exchange during which the complementary strand from the duplex is progressively taken up into the filament.
At what stage might Mei5 and Sae3 act, assuming that strand exchange by Rad51 and Dmc1 are mechanistically related? Our genetic results suggest that the Mei5 and Sae3 proteins, just like Dmc1, act upstream of the step that involves Hop2/Mnd1. The Mei5, Sae3, and Dmc1 proteins accumulate excessively in the hop2 mutant. These phenotypes argue that Mei5 and Sae3 act together with Dmc1 before the strand-exchange step in the recombination reaction. The Hop2/Mnd1 complex is proposed to promote accurate homology searching in the Dmc1-dependent recombination pathway (Tsubouchi and Roeder 2003). In the absence of either Hop2 or Mnd1, interactions between nonhomologous sequences become inappropriately stabilized and nucleate synaptonemal complex formation. Taken together, these results suggest that Mei5 and Sae3 act either in the formation of presynaptic filaments or in the synaptic phase of homology searching.
A number of proteins are known to be involved in the assembly of presynaptic filaments involving Rad51, including RPA, Rad52, Rad54, Rad55, and Rad57 (Paques single-stranded DNA. Interestingly, RPA competes with Rad51 for binding DNA; when single-stranded DNA is covered with RPA before Rad51, assembly of the Rad51 presynaptic filament is hindered (Sugiyama et al. 1997 ; Sae3 foci significantly overlap with Dmc1 foci. Fourth, Sung 1997b). Rad52, Rad54, and the Rad55-Rad57 comthe localization of Mei5, Sae3, and Dmc1 to chromoplex promote nucleation of Rad51 by overcoming the somes is mutually dependent. We propose that the Mei5 inhibitory effect of RPA (Sung et al. 2003; Wolner et and Sae3 proteins are necessary for efficient filament al. 2003) . Rad54 is a nonessential component of the formation and/or strand exchange mediated by Dmc1. Rad51 filament; Rad54/Rad51 nucleoprotein filaments Although both Mei5 and Sae3 are necessary for Dmc1 are more stable than filaments lacking Rad54. Rad54 localization on chromosomes, they are not required for may also be active in the synaptic phase where it has Rad51 localization, suggesting that they are factors spebeen postulated to endow the presynaptic filament with cific for Dmc1. On the other hand, Rad51 is necessary the ability to actively scan duplex DNA for homology for wild-type levels of localization of Dmc1, Mei5, and (Petukhova et al. 1998 (Petukhova et al. , 2000 . Sae3 to chromosomes (Bishop et al. 1992; our unpub- It is likely that at least some Rad51 accessory factors lished data). One possibility for this Rad51 dependency are also involved in Dmc1-mediated strand exchange in is that certain recombination intermediates created by vivo. Indeed, strand exchange in vitro mediated by the Rad51 are necessary for efficient loading of the Dmc1, human Dmc1 protein absolutely requires RPA and is Sae3, and Mei5 proteins onto chromosomes. Alternaenhanced in the presence of Rad54B (Sehorn et al. tively, a protein-protein interaction between Rad51 and 2004) . Mei5 and/or Sae3 may substitute for certain these proteins might be necessary for their chromoRad51 accessory factors, or these meiotic proteins may somal localization. function in a unique capacity. Perhaps a nucleoprotein How might Mei5 and Sae3 promote Dmc1-mediated complex consisting of Dmc1, Mei5, and Sae3 is particustrand exchange? Rad51-mediated strand exchange oclarly well equipped to promote strand exchange in the curs in a number of steps (Sung et al. 2003) . First, Rad51 context of meiosis-specific chromosome structure. Both Rad51 and Dmc1 appear to act at most DSB sites, raising assembles on single-stranded DNA to form a helical
